Previous studies have demonstrated that the large subunit (LSU) of ribulose-1,5-bisphosphate carboxylase (Rubisco) is site-specifically cleaved by a hydroxyl radical (·OH) generated in the illuminated chloroplast lysates or by an artificial ·OH-generating system. However, it is not known whether such cleavage of the LSU by reactive oxygen species (ROS) actually occurs in an intact leaf. When leaf discs of chilling-sensitive cucumber (Cucumis sativus L.) were illuminated at 4°C, five major fragments of the LSU were observed. This fragmentation was completely inhibited by ROS scavengers, such as n-propyl gallate (for ·OH) and 1,2-dihydroxybenzene-3,5-disulfonic acid (Tiron) (for superoxide). FeSO 4 stimulated this fragmentation, whereas an iron-specific chelator, deferoxamine, suppressed it. Furthermore, such fragments were identical to those generated from the purified Rubisco by an ·OH-generating system in vitro on two-dimensional PAGE. These results indicate that the direct fragmentation of the LSU by reacive oxygen species also occurs in an intact leaf.
Introduction
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; EC 4.1.1.39) is a bifunctional enzyme located in the stroma of chloroplasts, and it catalyzes the primary reactions of CO 2 assimilation and photorespiration. Rubisco is a limiting factor in light-saturated photosynthesis under the present atmospheric air conditions and it constitutes >50% of the soluble protein in mature leaves of C 3 plants (Makino et al. 1984 , Makino et al. 1985 . During leaf senescence, Rubisco is gradually degraded (Wittenbach 1979 , Peoples et al. 1980 , Makino et al. 1984 , and its nitrogen is remobilized and translocated into growing organs . Therefore, Rubisco degradation is closely related to both photosynthetic capacity and nitrogen economy in leaves. However, the degradation process of Rubisco in leaves remains unclear (Hörtensteiner and Feller 2002) .
During senescence or under oxidative stress conditions, the production of ROS in chloroplasts is stimulated since ascorbate peroxidase (APX) or superoxide dismutase (SOD) activity decreases (Luna et al. 1994 , Baisak et al. 1994 , Polle 1996 , Choi et al. 2002 . In addition, when isolated chloroplasts are subjected to oxidative or light stress, Rubisco degradation has been found to be accelerated (Mehta et al. 1992 , Landry and Pell 1993 , Roulin and Feller 1998 . Therefore, it has been postulated that ROS act as a trigger of Rubisco degradation. In fact, Ishida et al. (1997) demonstrated that the Rubisco large subunit (LSU) is site-specifically cleaved into a 37 kDa N-terminal fragment and a 16 kDa C-terminal fragment in the lysates of chloroplasts from wheat leaves under illumination. They identified this fragmentation as being caused by ·OH, produced through the Fenton reaction at the active site of the LSU (Ishida et al. 1999 , Luo et al. 2002 . Additionally, it has been shown that some chloroplast proteins such as D1 protein (Miyao 1994) , one of the heterodimer subunits of the PSII reaction center, CuZn-SOD (Casano et al. 1994 ) and chloroplastic glutamine synthetase are directly fragmented by ROS. These fragmentations were observed by in vitro experiments with purified proteins or isolated chloroplasts.
Recently, it has been reported that some of the proteins localized in thylakoids are directly fragmented by ROS in intact leaves under light stress (Zolla and Rinalducci 2002, Mizusawa et al. 2003) . However, it has not been shown whether the stromal proteins such as Rubisco can be directly fragmented by ROS in an intact leaf. In general, it is difficult to detect the protein fragments resulting from ROS in an intact leaf since they are immediately digested into small peptides and amino acids by intrinsic proteases after the fragmentation (Houtz and Portis 2003) . Therefore, protein degradation under chilling stress has attracted our attention since enzymatic degradation barely proceeds under such conditions.
There have been many reports which describe the degradation of PSI in an intact leaf under chilling-light conditions. For example, Terashima et al. (1994) showed that PSI was selectively photoinhibited in a chilling-sensitive plant, cucumber, exposed to chilling-light treatment. This photoinhibition of PSI was accompanied by the destruction of the Fe-S center and the degradation of the PSI-B reaction center subunit , Sonoike 1996a , Tjus et al. 1998 . The PSI photoinhibition was observed neither under anaerobic conditions, in darkness nor in the presence of DCMU, an inhibitor of the electron transport from PSII to PSI (Havaux and Davaud 1994 . In addition, Choi et al. (2002) reported that the content of H 2 O 2 increased in cucumber leaf discs exposed to chilling-light stress, and Sonoike (1996a) showed that PSI was protected from photoinhibition in the presence of n-propyl gallate, a scavenger for ·OH. These findings suggest that PSI photoinhibition is directly caused by ROS, probably the ·OH produced by the Fenton reaction between photoreduced Fe-S centers and H 2 O 2 (Sonoike 1995 , Sonoike 1996b , Sonoike 1997 . Therefore, we postulated the possibility that Rubisco is also damaged by the direct attack of ROS under the same stressful conditions.
In this study, we observed the fragmentation of the Rubisco-LSU in cucumber leaf discs or leaves under chillinglight conditions. The fragmentation was inhibited in the presence of n-propyl gallate or deferoxamine, an iron-specific chelator. Additionally, when purified Rubisco from cucumber leaves was exposed to an ·OH-generating system comprising H 2 O 2 -FeSO 4 -ascorbate, the produced fragments were identical to those observed in the leaf discs.
Results

Confirmation of PSI-B degradation in cucumber leaf discs under chilling-light conditions
To check whether photoinhibition occurred, cucumber leaf discs were incubated at 4 or 25°C in light (100 µmol quanta m -2 s -1 ) or in darkness. When the leaf discs were incubated at 4°C in light, the oxygen evolution rate after 6 h incubation decreased dramatically to about 20% of the initial rate at 0 time (Fig. 1A) . However, in the other treatments (at 4°C in darkness, at 25°C in light or at 25°C in darkness), the oxygen evolution rate remained almost constant or slightly decreased. A dramatic decline in F v /F m was also observed in the chillinglight treatment (Fig. 1A) . The degradation of the PSI-B subunit was analyzed by immunoblotting as an indicator of PSI photoinhibition. The PSI-B subunit was degraded only at 4°C in light (Fig. 1B) . The degradation product of PSI-B was clearly observed after 6 h incubation and its amount increased with incubation time (Fig. 1B) . These results are similar to those reported by Sonoike and his co-workers on PSI photoinhibition (Sonoike 1996b . Leaf discs were incubated at 4 or 25°C in light (100 µmol quanta m -2 s -1 ) or in darkness. The rate of oxygen evolution was measured using a Clark-type oxygen electrode. Before the F v /F m measurement, leaf discs were floated on distilled water at 25°C in darkness for 30 min. Each value is the mean of three different samples ±SD. Thylakoid membranes were prepared from the leaf discs incubated at 4°C in light or in darkness. Isolated thylakoid membranes were analyzed by SDS-PAGE/ immunoblotting with specific anti-PSI-B antibodies. The PSI-B subunit is indicated by a black arrowhead and its breakdown product is indicated by a white arrowhead.
The Rubisco-LSU fragmentation in cucumber leaves under chilling-light conditions
Immunoblotting with affinity-purified anti-LSU antibodies following SDS-PAGE showed that the fragmentation of Rubisco-LSU occurred only at 4°C in light, not under the other conditions ( Fig. 2A) . Chilling-light stress produced five major fragments of the LSU (45, 43, 42, 37 and 33 kDa). These fragments were detected after 12 h incubation at 4°C in light and their amounts increased time-dependently up to 72 h (Fig. 2B ). Several aggregation bands were also observed for 72 h incubation at 4°C in light. In our previous study, a 16 kDa fragment was detected with the antibodies against the amino acid sequence of the C-terminal portion of wheat LSU (Ishida et al. 1997) . However, the antibodies did not cross-react with the cucumber LSU (data not shown). Therefore, it is unknown whether the 16 kDa fragment can be generated in an intact cucumber leaf.
Since a leaf disc is surrounded by wounded cells, an increase in the peroxidase activity (Thimann 1980) , an induction of aspartic protease (Schaller and Ryan 1996) or the accumulation of a metallothionein-like protein in the abscission zone cells may occur (Morgan and Drew 2004) . Kato et al. (2002) reported that leaf discs floated on water were more sensitive to photoinhibition than detached leaves. However, there were no differences in the fragmentation of the LSU between the whole leaf disc, the center parts of the discs and the detached whole leaf incubated at 4°C in light (data not shown). Therefore, it is considered that this fragmentation is not caused by the effect of wounding or wetness.
Involvement of ROS in the Rubisco-LSU fragmentation in cucumber leaves under chilling-light conditions
The effects of the reducing reagents, KCN and NaN 3 on LSU fragmentation were tested (Fig. 3A) . Fragmentation was clearly stimulated by these reagents in light, but fragmentation did not occur in darkness. Although the effects of these reagents may not necessarily be simple in intact leaves, it is well known that they are potent inhibitors of ROSscavenging enzymes such as APX and violaxanthin deepoxidase (Neubauer 1993, Stieger and Feller 1997) . The addition of these reagents strongly accelerated the production of ROS in the illuminated leaf discs, and consequently stimulated the fragmentation of the LSU. In addition, the absence of fragmentation in darkness indicates that only ROS generated in chloroplasts fragmented the LSU because generation of ROS should also have been stimulated in mitochondria by these reagents. Fig. 2 (A) Effect of light and temperature on the Rubisco-LSU fragmentation in cucumber leaf discs. Leaf discs were incubated at 4 or 25°C in light (100 µmol quanta m -2 s -1 ) or in darkness for 24 h. (B) Time-dependent changes in the immunoblot profiles of the LSU fragments in leaf discs at 4°C in light. Each treated leaf disc was immediately homogenized after incubation. The homogenates were analyzed with SDS-PAGE/immunoblotting using affinity-purified anti-LSU antibodies. The molecular mass (kDa) of the fragments is indicated between the two panels. Fig. 3 Effect of reducing reagents, KCN, NaN 3 , reactive oxygen scavengers, FeSO 4 or deferoxamine on the LSU fragmentation in cucumber leaf discs chilled in light or in darkness. (A) Leaf discs were incubated with or without 5 mM DTT, 1% (v/v) 2-mercaptoethanol, 0.1 mM KCN or 1 mM NaN 3 at 4°C in light (100 µmol quanta m -2 s -1 ) or in darkness for 24 h. (B) Leaf discs were incubated with or without 1 mM n-propyl gallate, 50 mM Tiron, 10 mM histidine, 1 mM FeSO 4 or 15 mM deferoxamine at 4°C in light (100 µmol quanta m -2 s -1 ) for 24 h. Each treated leaf disc was immediately homogenized after incubation. The homogenates were analyzed with SDS-PAGE/immunoblotting using affinity-purified anti-LSU antibodies.
The effects of several ROS scavengers such as npropyl gallate (for ·OH), 1,2-dihydroxybenzene-3,5-disulfonic acid (Tiron; for superoxide: O 2 -) and histidine (for singlet oxygen:
1 O 2 ) on LSU fragmentation were examined next (Fig. 3B) . N-propyl gallate and Tiron almost completely suppressed the fragmentation, whereas such suppression by histidine was small. These results suggest that ·OH and O 2 -are primarily involved in this fragmentation. ·OH is the most reactive species among all ROS and can directly cleave a peptide bond of a protein. ·OH is produced by transient metals bound to a protein in the presence of H 2 O 2 and reducing agents such as O 2 -and ascorbate through the Fenton reaction (Davies and Goldberg 1987 , Berlett and Stadtman 1997 , Arora et al. 2002 . Regarding transient metals possibly involved in this Fenton reaction, Luo et al. (2002) reported that an increase in the Fe 2+ concentration accelerated the site-specific fragmentation of the LSU in vitro, supporting the hypothesis that iron contributes to the generation of ·OH. We examined the effects of FeSO 4 and deferoxamine, an iron-specific chelator, on LSU fragmentation to determine whether iron is involved in the production of ·OH. FeSO 4 stimulated the fragmentation, whereas deferoxamine suppressed it (Fig. 3B) . Choi et al. (2002) reported that the content of H 2 O 2 increased in cucumber leaf discs exposed to chilling-light stress. These findings indicate that ·OH is generated through the Fenton reaction between iron and H 2 O 2 in vivo.
Comparison of fragmentation products of Rubisco-LSU in vitro with those in vivo
The results shown in Fig. 3 suggest that the LSU was fragmented by ·OH generated through the Fenton reaction in a leaf. However, it is not clear whether ·OH directly cleaves the peptide bonds of the LSU or if it only modifies the polypeptide before its degradation by protease(s). Therefore, we compared the LSU fragments produced from purified Rubisco exposed to an ·OH-generating system (in vitro) with those which appeared in the leaf discs under chilling-light conditions (in vivo). Twodimensional (2D) PAGE showed that the molecular masses and isoelectric points of five major fragments detected in vivo were completely identical to those of the respective fragments in vitro (Fig. 4) . These results strongly suggest that the LSU fragmentation found in the leaf discs was directly caused by ·OH produced through the Fenton reaction.
Discussion
Rubisco-LSU fragmentation by ROS also occurs in vivo
Here we presented evidence suggesting that the direct fragmentation of Rubisco-LSU by ROS occurs in intact leaves. Rubisco-LSU was fragmented into five major fragments in cucumber leaf discs exposed to chilling-light conditions (45, 43, 42, 37 and 33 kDa, as shown in Fig. 2 ). Such fragments were identical to those generated from the purified Rubisco by an ·OH-generating system in vitro (Fig. 4) . There have been reports of Rubisco-LSU degradation by protease(s). Bhalla and Dalling (1986) reported that the LSU was degraded into 50-51 kDa fragments by vacuolar proteases, which account for about 95% of the total proteolytic activity in crude extracts (Miller and Huffaker 1981, Thayer and Huffaker 1984) . Bushnell et al. (1993) purified a zinc protease (EP1) from the stroma of pea chloroplasts and demonstrated that the LSU was degraded into 36 kDa fragments. However, the patterns of fragmentation by these proteases, including vacuolar proteases and EP1, were different from those observed in our experiments. In addition, although the activity of vacuolar proteases is stimulated in the presence of dithiothreitol (DTT) (Thayer and Huffaker 1984) , our results showed that DTT stimulation only occurs under light conditions and that no fragmentation occurs in darkness, even in the presence of DTT (Fig. 3A) . EP1 activity is inhibited by DTT (Liu and Jagendorf 1986, Bushnell et al. 1993) . Thus, the fragmentation of the LSU observed in our studies cannot be explained solely by the action of vacuolar proteases or EP1. Desimone et al. (1996) reported that ·OH was involved in LSU fragmentation in chloroplasts or their lysates. They con- Fig. 4 Comparison of profiles of the fragmentation products of purified Rubisco exposed to a hydroxyl radical-generating system (A) with those of the purified Rubisco from leaf discs under chilling-light conditions (B) separated by 2D-PAGE. The gels were stained by Coomassie blue. Black arrowheads indicate the positions of LSU and the small subunit (SSU). The major fragments of the LSU are indicated with their molecular masses.
sidered that the action of ·OH was a trigger for the modification of LSU and that the modified LSU was degraded by chloroplastic proteases in the presence of ATP (Desimone et al. 1998) . On the other hand, Ishida et al. (Ishida et al. 1997 , Ishida et al. 1998 ) demonstrated that ·OH directly fragmented the LSU in chloroplast lysates or intact chloroplasts. In the present study, we found that the in vivo fragmentation of the LSU in the intact leaves exposed to chilling-light conditions was completely identical to that of purified Rubisco exposed to an ·OH-generating system as evidenced by 2D-PAGE (Fig. 4) . This rules out the possibility that a protease causes this fragmentation and indicates that ·OH can also directly cleave the LSU in vivo.
We consider that Rubisco fragmentation by ROS might occur in vivo under some environmental conditions other than the chilling-light conditions. For example, it has been reported that continuous mist treatment of bean leaves under illumination causes the rapid reduction in the rate of CO 2 assimilation and the loss of Rubisco (Ishibashi and Terashima 1995, Hanba et al. 2004) . When CO 2 assimilation is suppressed by stomatal closure due to the mist treatment, excess reducing power in chloroplasts would lead to the production of ROS and result in the fragmentation of Rubisco. It has been reported that the production of O 2 -increases approximately 4-fold in illuminated chloroplasts in the early stages of leaf senescence (McRae and Thomson 1983) . APX and SOD activities show a progressive decline in tobacco leaves during senescence (Polle 1996) . These findings indirectly indicate that Rubisco fragmentation by ROS would occur to some extent during leaf senescence.
On the other hand, it has been reported that Rubisco degradation occurs even when detached leaves are incubated in darkness or under oxygen deficiency (Hildbrand et al. 1994) . As the production of ROS must be greatly suppressed under such conditions, ROS could not be a trigger of Rubisco degradation.
Protein degradation is a complex of several pathways ranging from triggering of degradation to complete hydrolysis to amino acids (Mae 2004) . It is known that there exist a number of proteases and their homologs in leaves, and such proteases are thought to be involved in some aspects of protein degradation although little is known yet about individual roles in protein degradation in vivo. Activation of existing proteases, change of compartmentation or change of the microenvironment around target proteins in cells or organelles would also be other ways to trigger the degradation. Phosphorylation, ubiquitination, oxidation or reduction of their amino acid residues would modulate the susceptibility of target proteins to hydrolysis. Conformational change of target proteins by binding of substrates or effectors might also trigger their degradation. Degradation of leaf protein by ROS is thought to be one aspect of protein degradation in vivo.
Photoinhibition of PSI and Rubisco-LSU fragmentation
PSI photoinhibition is generally considered to be initiated by the destruction of Fe-S centers, with the subsequent degradation of the reaction center (P700) and PSI-B (Sonoike 1996b) . Sonoike (1996a) reported that the degradation of the PSI-B subunit was suppressed by the addition of n-propyl gallate, indicating the involvement of ·OH in PSI photoinhibition. ·OH attacks cellular components at a diffusion-controlled rate (Asada 1999) . The distance it diffuses from the generation site is shorter than that of several amino acid residues (Asada 1999) . Thus, ·OH produced in PSI may not directly attack Rubisco in the stroma. In previous studies, we showed that the binding of a reaction intermediate analog, 2-carboxyarabinitol 1,5-bisphosphate, to the active form of Rubisco completely inhibited the site-specific cleavage of the enzyme in vitro (Ishida et al. 1999 , Luo et al. 2002 . This is because transient metal and H 2 O 2 cannot become attached to active sites of Rubisco, thus suppressing the production of ·OH. Since Rubisco itself does not contain any transient metal, the release of transient metal from other chloroplast components is essential for fragmentation of the LSU. When purified Rubisco from wheat was incubated with thylakoid or stromal fractions in light, the LSU was fragmented only in the presence of thylakoids (Ishida et al. 1998 ). These results suggest that factors essential for fragmentation, such as reduced metals and H 2 O 2 , originate in the thylakoid membranes under illumination. In the present study, we found that the addition of FeSO 4 stimulated LSU fragmentation, whereas an iron-specific chelator, deferoxamine, suppressed it (Fig. 3B) . Additionally, LSU fragmentation and PSI-B degradation were found under the same conditions, only in chilling-light treatment, and LSU fragmentation was observed around several hours after the PSI-B subunit had been degraded (Fig. 1B, 2B ). Given these results, it is possible that damage to the Fe-S center via PSI photoinhibition releases free iron to the stroma and that such free iron subsequently causes LSU fragmentation.
Materials and Methods
Plant material
Cucumber (Cucumis sativus L. cv. Nanshin) seeds were planted in vermiculite and grown in a growth chamber with a day/night temperature of 28°C/24°C and approximately 70% relative humidity. The photoperiod was 14 h, with a quantum flux density of 100 µmol quanta m -2 s -1 at plant height. Fourteen days after sowing, seedlings were transplanted into 3.5 liter pots (three plants per pot) containing a nutrient solution as described by Makino and Osmond (1991) . The nutrient solution was renewed once a week. Fully expanded young leaves from 32-to 42-day-old plants were used.
Photoinhibitory treatments
Cucumber leaf discs (10 cm 2 each) were prepared by using a leaf cutter. Cucumber leaf discs or whole leaves were floated on distilled water in a plastic tray at 4 or 25°C in light or in darkness. Light was provided by a fluorescent lamp and the irradiance at the leaf level was 100 µmol quanta m -2 s -1 . A layer of water (about 5 cm) at 25°C was Rubisco fragmentation by reactive oxygen species 275 set between the light source and the leaf discs to reduce the heat from the light source.
Photosynthetic oxygen evolution and the maximal quantum yield of PSII photochemistry (F v /F m ) The photosynthetic rate was measured as oxygen evolution by a leaf disc using a Clark-type oxygen electrode (Leaf disc Electrode Unit LC1, Hansatech, King's Lynn, UK). Each treated leaf disc was illuminated with a red light of 2,000 µmol quanta m -2 s -1 in a closed chamber containing 5% CO 2 at 25°C for 90 s. Then, the oxygen evolution by a leaf disc for 2 min was measured. To measure the maximal quantum yield of PSII, each treated leaf disc was floated on distilled water at room temperature in darkness for 30 min. Then F o and subsequently F m were measured with a pulse-modulated fluorometer (Mini-PAM 101, Walz, Effeltrich, Germany). The maximal quantum yield of PSII photochemistry (F v /F m ) was calculated as
Purification of Rubisco from cucumber leaves and fragmentation of Rubisco by the Fe
2+
-ascorbate-H 2 O 2 system Rubisco was purified from cucumber leaves of 32-to 40-day-old plants by the method of Makino et al. (1983) except that Superdex-200 p.g. (Amersham Bioscience) was used instead of Sephacryl S-300 for gel filtration. Purified Rubisco was passed through an Econo-Pac 10DG (Bio-Rad) column previously equilibrated with 100 mM HEPES-NaOH buffer, pH 7.5, for desalting before use. A typical cleavage experiment was performed as described previously (Luo et al. 2002) . Rubisco (1.0 mg ml -1 ) was exposed to an ·OH-generating system comprising 100 µM FeSO 4 , 10 mM sodium ascorbate and 0.5 mM H 2 O 2 at 0-4°C for 3 h. The reaction was stopped by the addition of an equal volume of the SDS sample buffer [200 mM Tris-HCl buffer (pH 8.5), 2% (w/v) SDS, 20% (v/v) glycerol and 5% (v/v) 2-mercaptoethanol], and then the mixture was boiled at 100°C for 3 min.
Protein analysis
Leaf discs after photoinhibitory treatment were immediately homogenized in a buffer containing 50 mM sodium phosphate buffer (pH 7.2), 5% (v/v) glycerol, 0.7% (v/v) 2-mercaptoethanol and 2 mM monoiodoacetic acid using a chilled mortar and pestle. The crude extracts were centrifuged for 5 min at 10,000×g, and then an equal volume of the SDS sample buffer was added to the supernatants followed by heating of the mixture at 100°C for 3 min. Boiled samples were used to detect the fragmentation of the LSU. SDS-PAGE was performed with a 4.5% (w/v) stacking gel and 12.5% (w/v) resolving gel according to the method of Laemmli (1970) as described previously (Ishida et al. 1999 ). 2D-PAGE was performed by the method of O' Farrell (1975) . Following SDS-PAGE, immunoblot analysis was performed by electrophoretic transfer of proteins to polyvinylidene difluoride (PVDF) membranes. The reaction with antibodies was carried out as described previously (Ishida et al. 1997) . Anti-LSU antibodies were purified from anti-Rubisco antiserum by the method of Ishida et al. (1997) .
Thylakoid membranes isolated from leaf discs were solubilized at room temperature using 5% (w/v) lithium dodecyl sulfate and 60 mM DTT for 60 min in darkness. To detect the degradation of the PSI-B subunit, SDS-PAGE was performed with a 4.5% (w/v) stacking gel and 16% (w/v) resolving gel containing 8 M urea. Immunoblot analysis was performed as described above. The antibodies against the psaB gene products of spinach were kindly provided by Emeritus Professor Tetsuo Hiyama and Professor Hitoshi Nakamoto, Department of Biochemistry, Faculty of Science, Saitama University .
